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SUMMARY 


Contemporary gas turbine engines must be designed to meet both severe 
efficiency and fuel consumption requirements as well as advanced durability 
targets. These constraints are not easily satisfied at the same time. A 
compromise among these conflicting requirements Is not easily developed 
during the design process because of a dearth of experimental data 
regarding certain aspects of the engine processes. One component that Is 
particularly difficult to design is the combustor liner. An optimum 
combination of liner strength and I Iner coolant flow must be chosen so that 
the liner can withstand the high radiative loads generated by soot produced 
in the combustion process. Minimal liner weight and coolant flow rates are 
sought to achieve fuel consumption goals. Proper design of the liner, 
then, requires knowledge of the soot loading throughout the combustor. The 
program goal was to address this problem by tracking the variation in soot 
loading along the center I ine of a generic gas turbine combustor. 

Soot loading was measured inside a 12.7-cm diameter, 
six- sheet- metal- louver burner. A single pressure-atom 12 i ng injector and 
air swlrler were centrally mounted within the burner’s conical dome. 
Determination of soot loading along the burner length was achieved by 
acquiring measurements first at the exit of the full-length combustor and 
then at upstream stations by sequential removal of I Iner louvers to shorten 
the burner length. Alteration of the flew field approaching and within the 
shortened burners was minimized by maintaining a constant I Iner pressure 
drop achieved by bypassing flow that would have passed through removed 
louvers. In this manner, data were acquired at six combustor stations. 

Two test phases were conducted. First, fuel effects tests were 
performed during which data were acquired with four test fuels. Fuel 
physical properties were de-emphasized by using fuel Injectors which 
produced highly atomized, and hence, rapidly vaporizing sprays. The burner 
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exhaust flow was sampled at the burner centerline to determine soot mass 
concentration and smoke number. The characteristic particle size and 
number density of the centerline exhaust soot were determined by an optical 
technique which interpreted scattered light signals according to Mie 
theroy. Optical techniques were also used to measure the transmissivity of 
the exhaust flow as wel 1 as the local radiation from luminous soot 
particles In the exhaust. All data during this phase were acquired at a 
single airflow condition which simulated htgh-power operation of a gas 
turbine combustor, namely, combustor pressure = 1,3 MPa and Inlet 
temperature - 700K. Test fuels were combusted at three fuel-air ratios, 
which were specified to achieved nominal exit temperatures of 1240K, 1340K, 
and 1470K. 

The second test phase Involved acquiring similar data at a reduced 
combustor pressure of 0.8 MPa. Airflows were f I ow- parameter scaled to 
maintain the same approach-flow Mach number at reduced pressure. Data were 
acquired at three burner lengths with two test fuels. The combustor 
approach flow was again maintained Independent of combustor length by 
bypassing excess flow ^o retain constant liner pressure loss. The two test 
fuels were combusted at the same fuel-air ratios Indicated above. 

The particulate concentration data indicated a strong soot oxidation 
mechanism in the combustor secondary zone. Concentrati on measurements with 
three louvers removed were at least an order of magnitude higher than those 
measured for the full-length combustor. Samples collected with shorter 
burners were Influenced by the dilution jets of this combustor. The Jets 
effectively penetrated ho the centerline and locally diluted the centerline 
region. Particulate samples representative of the average loading In the 
combustor front end, then, were not acquired via the center I I ne sampling 
technique. Transmissivity and radiation measurements, which were 
path- length diagnostics. Indicated significantly higher loading near the 
primary zone. These optical data imply that mass loading In tne vicinity 
of the primary zone was even more than one order of magnitude greater than 
leading measured In the full-length combustor exhaust. Secondary- zone 
oxidation was also a strong function of the flow temperature. Although 
Increased levels of soot were produced at higher fuel-air ratios, higher 
exit temperatures, associated w'ih higher fuel-air ratio, enhanced soot 
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oxidation sc that full-length combustor exit concentrations were lower at 
higher fuol-alr ratio. The Influence of fuel chemical properties on soot 
production was directly related to the fuel smoke point, where fuels with 
the highest smoke point demonstrated less propensity to soot. Particulate 
concentrations measured at reduced pressure Indicated less soot production 
at the lower pressure. The data also Indicate that lower secondary- zone 
oxidation rates may be associated with reduced combustor pressure. 


Particulate number density and SAE smoke number, which were also 
centerline measurements, displayed the previously noted trends. A good 
correlation was obtained between particulate concentration and smoke 
number. This agreement is attributed to the relatively small size 
distribution of the particulates, whose measured characteristic dlaneter 
varied from 0.25 jm Inside the burner to 0.20 at The burner exit. 
Particulate number density and characteristic diameter were Lsed to 
calculate particulate volume, which correlated with particulate 
concentration. Particulate density, calculated from particulate 
concentration and particulate volume, was nominally 20 percent that of pure 
carbon. This low value for density corroborates the concept that soot 

parti cl ul ates are chain- I Ike structures composed of tiny particles of pure 
carbon. 
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O p tical an d Probe Bet a m! nat ion of Soot Concentration s 
-Ln ? Model Gas Turbine Cnmh.igtpr 

SECTION I - INTRODUCTION 


Substantial levels of soot are present within gas turbine combustors. 
High production rates occur In the dome region where zones of high fuel 
concentration exist. Coupled with the high temperature Ir this primary 
zone, such high soot levels produce Intense radiative loads on the 
combustor liner, elevating Its "emperature and thereby reducing the time to 
failure. The level of soot produced Is not known. A large fraction of It 
Is oxidized In the secondary and tertiary zones of the combustor, producing 
soot levels which, by not being visible In the exhaust stream, are 
considered acceptable. The actual variation of soot loading within the gas 
turbine combustor has not been documented. Such data could be used to 
define the Influence of chemical properties on primary zone soot 
production, and the effectiveness of the combustor oxidation mechanisms at 
reducing the soot loading upstream of the exit. Additionally, measured 
changes In soot particle size and number density along the combustor length 

would aid understanding of basic soot formation, growth, and oxidation 
mechan Isms. 

A previous NAS* program (Ref. 1) documsnted that fuel chemical 
properties can Influence the radiative load on the combustor I Iner by 
altering soot concentration in the primary zone. In that program,, 
wel l-control lea combustor tests were performed with 25 test fuels. Data 
indicated that the primary influence of changing fuel chemical properties 
was to alter soot produced in the combustor. That is, fuels which 
displayed a high propensity to soot (l.e., low fuel specification smoke 
point) produced high radiative heat loads and exhaust soot concentrations. 

As a consequence, high liner temperatures and exhaust smoke numbers were 
^ I so attained. While the exhaust soot concentrations were documented In 
that program, no measurements were made within the burner. 
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The work reported here represents a continuation of the above work. 
This program was directed toward documenting the soot loading In a gas 
turbine combustor. Optical and probing techniques determined 
characteristic size and number density of soot aggregates, soot mass 
concentration, and SAE smoke number along the centerline of a generic 
combustor. Optical techniques were also used to measure the tramlsslvlty 
and radiance of the exhaust flow. Data were acquired from tests using four 
fuels with a significant variation In chemical properties. Tests were 
performed at two combustor pressures to document the Influence of this 
variable. Fuel spray characterization studies supplemented the combustion 
tests. 

This document reports results of this program. Section II describes 
the chemical analysis of the four test fuels along with the fuel spray 
characterization effort to determine appropriate fuel injectors. Sections 
III and IV describe the combustor, test facility and Instrumentation, and 
the test conditions, procedures, and data handling, respectively. Results 
of the combustion tests are presented and discussed In Section V. 
Conclusions and recommendations are listed In Section VI. 
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SECTION II - FUEL CHEMICAL AND SPRAY PROPERTIES 


In order to determine the effect of fuel chemical properties on soot 
loading within a combustor, tests were conducted with four fuels which 
offered a significant range In chemical properties. The four fuels used In 
these tests were Jet A, ERBS (Experimental Referee Broad Specification), 
ERBLS-2 (a 60/40 (vol) blend of ERBS and BLS (blending stock)), and XTB 
(Xylene Tower Bottoms). Jet A, which Is a high-quality petroleum-derived 
fuel produced In accordance with ASTM and USAF specifications. Is commonly 
used In gas turbine engines. ERBS fuel evolved from a NASA-directed 
workshop on alternative hydrocarbon fuels (Ref. 2). Uni Ike most fuel 
specifications, which place upper limits on certain chemical properties, a 
single level (and tolerance) of hydrogen content is specified for ERBS. 

This approach minimizes the chemical property variation of subsequent 
batches of ERBS production. ERBS has become a standard fuel for 
NASA-sponsored fuel -effects Investigations. XTB Is a specialty product 
consisting of various single-ring aromatic compounds (a I ky 1 benzenes) and 
has been used In other fuel effects tests. BLS Is a mixture of XTB and a 
gas oil that NASA had obtained to use for modification of fuel properties, 
and contains single-ring and double-ring aromatic compounds. The Jet A and 
XTB fuels were procured by UTCC while the ERBS and BLS fuels were provided 
by NASA. UTRC blended the ERBLS-2 fuel In the following manner. The 
volume fraction specifications were translated to mass fractions. A 
shipping scale was used to weigh the quantity of each component, which was 
then pumped into a 1000 liter mixing tank. The entire batch of the blend 
was mixed by pumping out of one end of the tank and Into the other. 
Circulation time was sufficient to displace the blend volume at least ten 
times. The blended fuel was subsequently pumped from the mixing tank Into 
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Fuel Analysis 


A sample of each test fuel was analyzed by Southwest Research 
Institute In accordance with the properties and procedures Indicated In 
Table 1. The results of these analyses are presented In Table 2. The 
levels of total aromatics and naphthalenes presented for any fuel were 
obtained from mass spectrometr Ic analysis. All hydrocarbons contained In 
the aromatic fraction of the sample contributed to the "total aromatics" 
level. The naphthalene compounds were assumed to Include the acenaphihene 
(C n H 2 n-l 4 - 8nd acenaphthal ene (C^^g) hydrocarbons. Volume 
fraction values for total aromatics were determined from the reported mass 
fraction data and the following assigned specific gravity values: 


Hydrocarbon Type 


■S dfe cl. f 1c Gray It y 


normal -paraf f I ns 0.75 
cyclo-paraffins 0.81 
al ky ! benzenes 0.87 
Indans and tetrallns 1.00 
indenes 1.00 
naphthalenes 1.00 
tricyclic aromatics 1.28 


The type of hydrocarbon species In the fuel was Independently 
determined from more than one analysis. The mass spectrometr Ic analysis 
(ASTM D2425) separated the fuel Into twelve classes while the fluorescent 
Indicator absorption (FIA, ASTM DI1395 technique reported only on three 
general classes (saturates, olefins, total aromatics). The FIA was 
supplemented with the ultraviolet spectrophotcmetr Ic technique (ASTM 1840) 
to determine naphthalene content. A comparison of the total aromatics and 
naphthalene contents obtained by the two techniques Is shown In Figs. 1 and 
2, respectively. The mass spectrometry and FIA results for aromatics agree 
well considering the wide range covered and the general acknowledgement 
that the FIA technique can be Inaccurate for high aromatic levels. The 
agreement between naphthalene analyses was not as good for ERBS & ERBIS-2 
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fuels. This result Is not surprising as the UV technique Is strictly 

P p ° fuels con1,a,n lr>g only up to 5 percent naphthalene. Both ERBS 

ERB.S-2 contain considerably higher levels of naphthalene. 

Fuel Spray Characterization 


Variations In either chemical or physical properties conic Influence 
the burner characteristics. Fuel chemical properties code primarily 
affect the type and concentration of hydrocarbon species within the burner. 
For example, hydrogermdef Ic lent fuels might produce greater carbon 
concentrations, resulting In higher radiation heat loads (and subseguently 
higher liner temperatures). Fuel physical properties would primarily 
affect the level of atomization. That Is, fuels with disadvantageous 
Physical properties - high levels of viscosity or surface tension _ 
tend to form coarse sprays, with these relatively larger droplets 
penetrating deeper into the airflow and surviving for significantly longer 
me periods. Clearly the size, location and Intensity of the combustion 
tone would respond to such fuel distribution alterations, and consequently 
ccmbustor characteristics would also change. In order to Isolate ' 
er leal property l.fluences, the processes dependent on physical 
properties must be minimized. Only by achieving n Igh I y-atcmlzed and hence 
rap lo I y- vapor I 2 Ing sprays can this goal be satisfied. 

IP principle the finest level of atomization possible should be used 
to truly minimize the Influence of fuel physical properties on combustion 
efficiency. This extreme however, would have Imposed unacceptabl demands 
test program. excessive fuel pressures and/or nozzle substitution 
for every fuel, for each fuel flow rate, would have been required. An 
atcmlzat ion goal that would acceptably minimize the Influence of fuel 
physical properties was sought. 

The analytical technique of Baf Pal and Lef.bvre (Ref. 3) can be used 
to analyze fuel sprays characterized by a Sauter Hear. Olaneter (SW). In 
particular, this analysis Includes system characteristics that define 
reaction-control led and vapor Iz.tlon-control led operation. Convective heat 
and mass trensfer Is Included 6, assuming that the droplets do not respond 
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to the turbulent velocity fluctuations 
be Identified CSWj with the analysis, 
vapor 1 2 at ion would nr f control heat rel 
ef f ic lency. 


of the airflow. A critical SMD 
That is, for SVD < SMD C , fuel 
ease and, hence, combustion 


can 


The critical droplet size to avoid vaporization control In the 
combustor used In this experiment was defined previously (Ref. 1 ). In 

^Ithirtr'* S *!! C Va,U6S W6re S ° USh+ +ha+ assur ed rapid vaporization 

f.c soMt C TT° r Pr,rrary 2 ° ne Wh,Ch ' baS6d UP ° n thS +6S+ colons -d 
splits, had a residence time of approximately 5 ms. Calculations 

indicated that for Jet A fuel, a 20 percent turbulence intensity, and a 

rop e lifetime half the primary zone residence time, SNC = 52 pm 

* spra> * ,+h an s » < 52 ^ vapon*. Lff, c «en; ly fas t 
c as not to I imit the heat release rrte. The least volatile fuel thlt was 
ested had distillation characteristics similar to a No. 2 oil. For the 
same conditions as described above, the critical diameter was calculated to 

atom iz -t” ^ ^ ° r +h ° Se resul+s a 51 ’9 ht| y conservative spray 

"" 0 - 5 " as defined for the te_t fuels at the 

*’ th We • *-/.T r*,o 


Tne four test fuels tM. exper Intents d-«l net exploit . „„ r e„ g e 
" Ph ‘ prof * r,ies - d.t. acquired previous,, <Ret. n 

q ’ ua ^ 916 fUe ' lnJeCt ° r ,rd,CatP 3 -II span of atom Izatlon 


Fue I 

Jet A 
XTB 
ERBS 
£RBLS-2 


.SMD (nm) 

39 

52 

47 


Med I an 


46.5 


However, combustion tests 
condition achieved In the 


were to be performed both at the high-power- 
previous program (combustor pressure = 1.3 MPa) 
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»S .ell as at reduce;! pressure levels. In order to assure meeting the 
atomization goal at reduced pressure, an Injector characterization study 
.as performed to guide selection of Injectors that .ould achieve the 
desired high levels of spray atomization at t,o reduced pressure levels of 
a and 0.3 HPa. For the same combustor Inlet temperature (7000 
airflo. and fuel flc rates of 61.5 pet and 23.1 pet of the high po.er 
rates correspond to the f»o reduced pressure conditions, respectively. 

Characterization of the fuel sprays .as performed In the UTRC Ambient 
Pressure Fuel Sprey Facility located In the jet Burner Test Stand (JBTS, 
The pertinent components used In the present study are shemn In Fig. 3. 

Fuel Injectors .ere mounted In the facility and connected to the fuel 
lei .very system, jet A fuel .as del Ivered to the Injectors from an 
underground storage tank and metered via a turbine meter. Fuel pressure 
and temperature .ere measured at the Injector. Fuel spray pattern and 
droplet distribution .ere documented os fol lo»s. A high peer General 
Radio Strotolume Illuminated the spray »lth a 10ms light pulse 
substantially freezing the droplet motion. (Photographic records of the 
spray .ere obtained on Polaroid film to determine the Included cone angle), 
roplet size distribution .as measured In a plane 5.4 cm denstream from 
e Injectcm ,1th a Malvern Model STI800 Particle Size Analyzer. This 
Instrument Is based on Fraunhofer diffraction of a parallel beam of 
monochromatic ,,ght by moving or stationary particles. A He-fie laser beam 
traversed the spray diameter and the diffracted light .as sensed on a 
30-element photoelectric detector. The data .ere acquired using a 300-mm 
focal length collecting lens .hlch permitted detection of droplet sizes 
be-veen 6 and 560 fm. The photocells .ere scanned 200 times (approximately 
. sec) to acquire a statistically meaningful average for each data point 
dedicated mini-computer stored the diffracted light data and, upon 
Truest, executed an analytical program to Interpret these signals In terms 
of a Rosl n-Ramml er droplet distribution and to calculate a spray SW. 

Simplex pressure eternizing Injectors produced by Hago Manufacturing, 

Fhd. ..re used In these tests. An Injectors produced hollo, cone sprays 
. th a rated Included cone angle of 60 deg. Eight Injectors, Identified by 
nozzle , umber <NN. the volume flo. (GPH, delivered et a pressure drop of 
psldl, .ere Investigated. T.o Injectors IWM35. and 32) .ere In a 
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range suitable for the high-power condition and three each were for the 0 8 
MPa condition (N^18, 20, and 22) and 0.3 MPa condition (NN=8, 9, and 10)! 
Three fuel flowrates were Investigated for each nozzle, representing the 

rate associated with fuel-air ratios of 0.015, 0.018, and 0.022 for each 
condition. 


The data acquired In tests with the eight nozzles are presented In 
Table 3 and Fig. 4. Over the flow range Investigated, SMD varied linearly 
with fuel flow, a trend consistent with data obtained previously (Ref. 1), 
but In conflict with the weaker relationship predicted by standard 
atomization correlations. In the prior study. It was concluded that 
surface tension forces, as represented by the nozzle exit Weber number, 
could significantly Influence the atcmlzatlon processes, it was 
demonstrated that for the very lew fuel flows often used In developing the 
atomization correlations, this Influence was not important while for larger 

(practical) flows, the Influence was dominant. These recent data appear to 
again reflect this Influence. 


As previously indicated, the spray produced by the four test fuels Is 
similar. Hence, for a given pressure condition, a single nozzle could be 
used to achieve acceptably fine atomization of the four test fuels. WI*h 
an atomization goal of SMD = 40 ± 5 M "> at the test condition corresponding 
to t/a = 0.018, the trends presented In Fig. 4 were used to determine a 
fuel flow - nozzle number relationship at constant SMD (Fig. 5 ). The flow 
rates of Jet A associated with the median f/a at each of the three 
combustor pressure levels are Indicated. Since the mean atomization level 
for the four fuels (presented previously) was 19 pet greater than the Jet A 
value, nozzles which produce Jet A sprays with SKK34 should satisfy the 
atomization goal for al I fuels. Nozzles with HU = 30, 18, and 7 should 
produce the desired atomization levels at the three pressure conditions. 
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SECTION III - CO^USTOR, TEST 


FACILITY, AND I NSTRUMiNTAT ION 


This section 0) the report describes both the burner, specifying Its 

:::::: pe rr ce - the — - ** l, 

ILL: a " eS aeSCr ' P, '°" * "» '"~-on is el so 

Combustor Description 

The Test cor, buster .es n.er, y Identic, to the one used previously 

2‘ll the T „ ^ ” b0d ' ea fh9 * « «» Turbine burnlr. 

Urne,r “ SS a hl9 ’ 1 f,ea ' telease device, .Ith strong 
Ing-rec I rcul at i ng floe structure at the front end <1 e 
fenced by penetrating jc y s of , |r fo orA „ „ , pr,mar T Tone) 

ratio ana h J ,0 9redual!y reduce the local fuel-air 

. hence gas temperature, to levels acceptable to a turbine. 

A photograph of the combustor Is In Fig. 6. The cylindrical burner 

i;s P '-Ter of C m and a length of 4" 

00 dec C °" USTOr C ° nSlStea ° f * —• oonstructed from a frustrum of a 

• ir . s .doItH t? COnVC " t ' Me ' Sheet '“ tS ' '°“ VerS - — cooling 

^ f °“ r "** 01 ocu 81 ly-spaced holes. Each louve 
e- fed by a ring of equal I y-spaced holes ulth four of the louvers 

r:r ? ,ars * r — - — bur„. r : ^ 

Th U '° n 8 r h ° les r8presented the greatest deviation from axlsyirmetry 
The number and diameter of I c^bust^ h o,es ere , Isted Teble 4 L 

permit 7 C r S 6> "° dl,, '" a ^ h °'° P “ ,tern ' r » JTI2 combustor 'to 

:: zz;r ° ve : a sraater rea9e ° f ^ z 

origin JTIE .as rated for , ccmbustor exit temperature up to II45K. 

tc exit tlpIraT h °' e + ° ' nCre8Se C °° ,an+ f '°" P€rm?+S roijt,ne -«• 

ic ex it Temperatures up to 1480 K. 

A flange on the comhustcr done ees provided to central ly mount a fuel 
'njector-s. 1 r I or complnatlon. As piously led, pr.Isure ,ZZ V 





injectors produced t>» Hago Manufacturing, l„ c . »ere used (Fig. 7a). Ail 
injectors produced hollo. cone sprays elth a rated Included cone angle of 
eg. Nozzle sites »ere determined from spray characterization data 
escribed In Section II. The air seiner, ehlch encircled the fuel nozzle 
provided the swirl necessary to assure stable combustor operation. The 
seiner enhanced fuel-air mixing and distribution as ecu as established 
te recirculating primary zone floefleld. The seiner .as a commercially 
available device developed by Pratt and Mhltney Aircraft for the JTI2 

tor , Fig. 7b> ' A " Snnulsr cla " p r,n 9 ass ured proper positioning and 
eeallng of the ,nJector-s. Irler combination to the combustor flange. 


alrfloe pattern In this burner eas eel I documented In calibration 

5 IRof 1 1 Cl _ murv 


tests (Ref. 1). First a CO + “ aTl °' 

. * ^2 +racer was used to determine the amounts of 

a nr I r r O I I ... 


, ^ w * ci mine me amounts of 

! "" SOUrCeS " h,ch P or+, clpated In the primary zone. Data frcm 

6S ^ S ,nd,ca+ed +ha+ 19 - 5 percent of the total air flow participated 

In the pr, many zone floefleld (Fig. 6). Hence, the pr Imary zone 

equivalence ratio Is 5.1 times the overall equivalence ratio. Second, 
ca brat, on tests .ere performed to define the combustor alrfloe 
distribution over the entire burner length. The effective area of I Iner 
ho as at each ax, a, station (I.,., dome, louver coo, Ing. combustion alr 
ho es) ... determined as Indicated In Table 5 . The alrfloe seiner .as 
calb, rated a separate test. The second column of Table 5 Indicates' the 
cumu atlve liner alrfloe. hhen used elth a fuel Injection rate this 

alrfloe schedule permits calculation of the global equivalence ratio at 
these combustor axial positions. 


h.s burner operated quite stably In previous tests. Combustion 
e f Iclency .as a, .ays greater than gg.g percent, the cow , ustor 

pattern factor .as 0.13, and the „om,„„ I Iner pressure drop .as 2 percent 
By maintaining the 2 percent I Iner pressure drop, combustor operation of 
the shortened burners In this program was also stable. 


Test Facl I Ity 


The experimental test program .as conducted In the JBTS, ehlch Is a 
sel -contained facility elth four test cells equipped ror high-pressure 
combust, on tests. The JBTS provides test cells elth control rols. 
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•ss.«bly areas. autocratic data acquisition systems, and air, fuel, »„q 
gaseous nitrogen supply systems. 

Tha tast program primarily usad hardaara rasldual to tha pravlous NASA 
Program ,Raf. „th seme componants fabricated tor tha needs o, this 

program. The tast tool I Ity consisted of thraa sactlons, an air 

preparation section, a tast and Instrumentation section, and an exhaust 
section (Fig. 9). 


Alr .as supp, led to tha alr preparation section through tha system 
depicted In Fig. , 0 . T.o multi-staged reciprocating compressors, capable 

up ::T": CC, "T' n£, ' , fl °’ ra1e ° f UP ,C 4 - 5 k9/S - l>r ° v "’ < ’ d ° lr pressures 

P • a. The alrflo. for the combustion tests .as heated by an 

nd.rect-ol, -fired burner prior to entering the alr preparation section; 
a typ cal preheat level .as a 420K. The heated alrflc .as regulated In 

7 S am! me " ered 6 V = venturi. »,th appropriate measurements of 

air pressure end temperature performed upstream and at the throat of this 
device. The temperature of the venturi body .as also measured to account 
for thermal expansion of the throat diameter. The metered alrflc .as 
heated further by use of an electrical resistance-type heater. A plenum at 
the heater exit assured that uniform alrflc velocity and temperature 
profiles were delivered to the test section. 

The test section consisted of spacer spool sections, a combustor 
fusing, and Instrumentation rings. The spacer spools provided necessary 
access to remove the combustor housing. They also provided support for 
arrays of four total pressure probes and four thermocouples to document the 

rflc approaching the burner, and bosses to route out liner thermocouples 
and pressure I Ines. K 

The combustor housing (Fig. ,,, ,. s . simple spoo| Mct|on , 
from commer leal I y-aval I abl e pipe .Ith an Inside diameter of 15.2 cm A I 3 
cm annular gap be*,een the liner and housing provided adequate backside 
convective cool Ing of the burner louvers. The housing contained a single 
boss o route fuel to the fuel nozzle. Fittings near the denstreem end 
permitted Insertion of pltot-statlc probes to measure the llner pressure 
loss and a bleed port to adjust the pressure loss. 
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The combustc attached to a mating ring via a sea, , f la „ge attached 
to the liner at the burner exit (Fig. Burner a , lg „„ e „ t a|ae(J 

centering tabs mounted on the dome. The fuel I In., ,h|ch .as flexible to 
accommodate the liner thermal growth, consisted of two sections. An axial 
ength incorporated two concentric tubes ,1th fuel delivered through the 
nner tube and the outer tube providing an Insulating air gap. A radial 
length included a steel brald/teflcn tube flexible I Ine, .rapped by a helix 
o copper tube to provide a .ater-cooled heat shield. In order to make 
easu. ements Inside the burner, shortened combustors were produced by 
removing the complete downstream-most louver and .elding a replacement 
ange at the new exit plane. Replan, ent lengths of the concentric tube 
fuel line enabled fuel to be delivered to the shorter burners. Since the 
shortened liners provided a reduced effective open area (CDAi, less burner 

■" “ 3S req,J ' rei ,0r COr ' sta,vt 1 pressure drop. Reducing combusts, 
airflow to match the decreased CDA, however, would have alterred the 

approaching flowflelc, affecting both the penetration of jets through the 
Mr.er and the internal fle.fl.ld. To eliminate this Influence, the 
combustor total airflow U.e., airflow approaching the burner) .as held 
constant, with alrflo. greater than that regained to match the full-length 
combust V. pressure loss bypassed through orifice plates mounted In the 
annular region at the combustor exit (Fig. 11). Eac h plate contained 
egual ly-spaced holes sized to compensate for the decreased Mner open a-ea 
of shortened burners. Hole sizing .as based on the calibration results 
Obtained previously (Table 5). Liner pressure drop .as determined fr™ 
pltot-static tubes placed In the annulus between the I Iner and housing and 
static tapes Installed In the combustor done. A remotely adjusted, e bybass 

bleed .as available to fine tune the total bypass to achieve desired Mner 
pressure drop. 


This technique of shortening the liner to make measurements Inside th, 
burner Incurred significantly reduced cost relative to designing and 
fabricating elaborate combustor houses that would have allowed optical 
and probe diagnostics to transverse parallel to the combustor centerline. 

IS ' '" S ' ,ea<f ° f mCVln9 ,he diagnostics toard the fuel nozzle, the fuel 
nozzle .as mcnied tcard the diagnostics, which remained fixed. By 

exercising the Indicated test procedures, the flcfl.ld between the nozzle 
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and measurement planes Is not bet leved to have been significantly altered 
by removal of downstream louvers. 

Two Instrumentation rings, designed and fabricated previously (R e f. 

const 6 t& +he cornt)UStor bousing. These rings were specially 

“ * ZT ,,an9e ' COO,e<! U "' tS <F, 5- ">• ">• p^tlel. slz Ing rj 

3 e<! ,IT, '" 9S ,0 * ount up t0 Three probes. In this program, a 

ce„, 9 ern!T ' 8S ’' th ' tS Sa, " P " n9 leert «' «>" rrg 


T- sect I on and a b e " °' 8 " " V 3 

8C ,-ressure val ue. The T-sectlon provided a 7.6 cm 

A remote, V €WPOrT * ^ *" «■*»*» exit plane, 

remote, ,-opera, ec better,,, valve .as used to control tbe test-sect on 

pressure. A higb-pressure ..ter quench reduced tbe gas temperature 

upstream o, tbe valve to less than 700K to prevent damage to it. 

fuel ^b ’T C<>l ' VerV £VStOT COnsis+ed of ,hree subsystems: a startup 

T s s u?/ tCSt ,Ue ' SU5SVSt “ ^ 3 n,,r ° 93 " p -ge subsystem, det 
upplled to the test ceil from underground storage tanks by positive 

splacement pumps. Tbls fuel, referred to as det A-U. .as tbe Itartup 
... “ ” f ° s *' tchl "3 T» The test fuel. Data .ere acquired 

0Per “ t,n9 ° n Jbt A ‘ U prlor To operation on any test fue, 

I dent" ! “ r,s ' s,apt eo-bustor operation. Jet A-U had properties nearly 
'-el to tbe det A test fuel. Drum quantities o, tbe test fuel .ere 
e, vered by the test fuel subsystem, .hlcb .as capable o, Centering 4.6 

' e Pre$SUre °' 6 MPa - T '° SOI *" oid «'»». one each fuel 

subsys em. .ere actuated by a common electric., circuit. A norma, ly-open 

valve in th. det A-U system and normal ,,-closed yalye In the test fuel 

system .ere ..Itched In unison to pr„„de a rapid, positive change 

T e n, rogen subsystem .as available to purge tbe fue, nozzle an de, .very 

Mnes inside tbe combustor rig and to coo, these components during the 

»tup of the test condition. Tbe fue, system Is depicted as part of Flg. 
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I nstrumentat Ion 


The test facility was Instrumented as described below. The parameters 
measured are indicated In Fig. 12. 

Measurements were made to document the airflow rate, pressure and 
temperature approaching the model combustor. The airflow rate was 
determined using a venturi with a 2.286-cm throat diameter; pressure and 
temperature upstream and pressure at the venturi throat were measured. The 
distribution of temperature and total pressure a+ the test section inlet 
were documented using arrays of four thermocouples and four total pressure 
probes. The test- sect ion housing contained two fittings, located 180 deg 
apart near the downstream end of the housing (Fig. 11), for mounting 
pitot-static probes to document the total and static pressure of the 
airflow proceeding through the annulus. Several thermocouples Installed In 
the adapter section Indicated the combustor exhaust temperature. 

The fuel supply contained provisions for acquiring pressure and 
temperature measurements necessary to control the flow. Fuel flowrate was 
measured with a turbine meter. A mass flowmeter was not required since the 
viscosity variation among the test fuels was small. A dc voltage source. 
Interlocked with the fuel switchover valves, produced a signal to Identify 
data points acquired when operating with test fuel. 

The combustor liner was I f.strumented with thermocouples and Internal 
pressure taps. Twelve type K thermocouples were attached along an axial 
line at one angular position of the burner, with another six attached along 
a I Ine on the opposite side of it. In the twelve thermocouple array, two 
were placed on each of the six louvers, with one thermocouple opposite the 
edge of the inner film slot Up and the second approximately 2.5 cm farther 
downstream. The six thermocouple array contained one sensor on each louver 
at the second axial position. Two static pressure taps were attached to 
the first louver to provide a measurement of burner static pressure, which 
was used to determine and monitor the liner pressure loss for the different 
burner lengths. The twelve thermocouple array and one pressure line are 
visible In the photograph contained In Fig. 6. 
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f " " S ' Ie and c °"«"*=tlon density) .ere determined 

“ the scettered light emanating from a ,5 ^ sarnpie volui „ e ? 

cm doenstream of the ccmbustor exit centerl Ine. The scattered- I ight 

signals .ere Interpreted according to Mi. theory of I Ight scattering. This 

technique has been detailed by several authors (Refs. 4, 5, and 6) .ith a 

cr,.lca, assessment of Its accuracy g„en by BonczyK (Ref. 7). In 

h,s Theory predicts the Intensity of light scattered by particulates as a 

part,c,e propert,es - — an. „ 


1 - K * l Q * N * 4 > 


~ 1 , 9 h+ Intensity scattered by particles 

K = constant including scattering solid angle 

*0 * Incident light Intensity 

N = particulate number density 

$ - complex scattering function 

The scattering function,* , Is dependent upon the site parameter, * 
e scattering angle, 8, and the complex refractive Index, n: 

^ = <x , Q , n) 
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where: x = ttD/t, D = particle diameter 

T = wavelength of scattered light 


4>ls also responsive to the polarization of the 
description Is accurate only for spherical parti 
extensions of the theory to permit definition of 
greater analytical and experimental complexity. 


I ight. Strictly, fh is 
cles of uniform size. The 
polydlsperslons result In 
For combustion 
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applications, where the particulate shape Is non-spher leal , I* Is 
difficult to determine all the parameters of the polydlsperslon. 

Therefore, for such applications, It Is common to assume a monopd i sperse 
particulate size distribution. This approximation (and the accompanying 
assumption of spherical particles) limits the accuracy of size and 
concentration determinations. 

The evaluation of particulate size and number density rel led upon the 
angular disymmetry of the scattered light. From the above description, for 
a fixed polarization of the I ! ght (chosen to be perpendicular to the 

scattering plane), the ratio of light Intensity at two different angles, 01 
and 02 Is: 
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K0D/K02) = (D,01 , n)/ (D,02, n) 


This ratio Is a function of D alone for given values of the complex 
refractive index and scattering angles. In this program, values of 01 = 45 


deg and 02 = 135 deg were used; the scattered I tgh+ had a wavelength of 
514.5 nm. The dependence of the ratio of scattered I Ight on D is depicted 
In Fig. 13 for two values of n. Note that the theory permits size 
determination for D < 0.3 ^m; for larger diameters, the ratio Is 
multivalued and unambiguous size determination cannot be made. The 
proper value for the complex Index of refraction of the combustor exhaust 
particles was not known; +he value likely depended on the charlca! 
composition of the particulates. The two values used to generate the 
curves In Fig. 13 were obtained from measurements either on graphite or on 
soot from, an acetylene flame. For the valid range of dlaneter 
determination, the uncertainty Introduced by these two n values was not 
great, however. The value for graphite (n - 1 .94 - 0.661) was used In the 
data reduction. Once D had been determined, the particulate number 
density, N, was calculated from the scattered light intensity measured at 
01 and the known geometry of the scattering setup. 


Tne particle sizing apparatus assembled for this progran Is shown In 
Figs. 14 and 15. The incident light was produced by an argon- Ion laser 
with an output power level of approximately 1w at a wavelength of 514.5 nm 
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The RolaHzet.on ^ rotated to bo perpendlcu , ar to tt.e 

sea erlng-plane. The beam, which was chopped at a frequency of 2008 Hi, 
•as directed through a recess sapphire window and across the combusts 
exhaust. T.o scattered I Ight detector assert ies were rigidly attached to 
«e test duct, one at 45 deg and one at ,55 deg from forward scattering. 

The fabrication tolerances of the assembly huntings were specified to 
assure precise alignment of than. During Installation of this apparatus it 
was obseryed that beams from two He-Ne alignment lasers Intersected on 
the test duct centerline. Each detector assembly contained a sapphire 
Window, a polarizing disk, a narrow-pass filter (centered at 514.5 nm) and 
ast linear focused (EMI +ype 980/E) pho+omui t I pi ier tube (PMT) , The 
solid angle o, the scattered light was defined by two 3.1 mm dla appertures 
(separated by a distance of 20.0 cm) located along the detector centerline. 
The output from each P«T .as Input to a lock- In amp, „,er which was 
referenced to the chopper frequency. This setup enhanced the 
slgnal-to- noise ratio by providing an output yoltage proportional to the 
difference between the laser-stimulated scattered light and any random 
ght which might have been detected. 

The laser beam path also contained a focusing lens. Combustor 
shakedown tests conducted without a lens In the previous program. (Ref. I, 
Indicated substantial beam dlaneter growth at the alignment window. That 
Is, the 1 ,3-mm diameter laser beam bad grown to fill the 12-mr diameter 
exit port. This growth was attributed to "thermal blooming" which occurs 
as light passes through gases which possess large temperature gradients, 
he thermal gradients produce gradients m the Index of refraction which 
result In a lens- I Ike expansion of the ray. It was suspected that the 
b, coming occurred In the window recesses where cool nitrogen purge flow end 
hot combustion gases were uneyoldably mixed. The lens focused the leser 
beam on the test duct centerline to minimize this problem. 

In addition to the scattering diagnostics, transmission measurements 
of the laser source light used for the scattering measurements were 
analyzed. This setup Is depicted In Fig. ,6 which shews the placement of . 
detector to sense the transmitted light. Oat. were acquired both with and 
without ccbustion to determine the absorption of the laser beam as ,t 
traversed the combusting flew. In these measurements o neutral density 
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filter was used to reduce the signal level to within detector limits. A 
lock- In amplifier referenced the detector signal to the chopper located on 
the laser side of the test rig. Radiance measurements were also made by 
blocking the laser source and inserting a chopper In front of the detector 
(Fig. 16); the filter was withdrawn to Increase detector sensitivity. The 
devices were driven by pneumatic cylinders actuated from the control room. 
The detector, sensitive only to visible and near IR radiation, sensed 
radiation generated by the luminous soot particles only. 


Combustor exhaust products were probed near the combustor exit to 
determine gaseous emission levels, smoke emission levels, and soot mass 
loading. A sampling probe was positioned to locate Its Inlet orifice on 
the rig centerline approximately 8 mm downstream of the scattering sample 
volume (Fig. 11). The probe had a 1.3-cm CD with a 3.7-mm sampling port 
(Fig. 17). The probe body was water-cooled to assure Its survival In the 
high heat load condition created with shortened burners. The outside of 
the sample tube In the probe was coated with 0.3-mm thick ceramic to reduce 
heat exchange between the sample and coolant and, hence, to avoid low local 
sample temperatures that could promote condensation. Nitrogen diluent 
could be added to the sample near the probe tip to quench the oxidation 


processes and reduce the sample dew point. The sample temperature measured 
at the probe exit was used to determine when nitrogen dilution was 
required. If the sample temperature measured with the shortened burners 
was significantly larger (more than 80K) than that measured with the 

full-length burner, diluent was added to deter soot oxidation in the 
sempl ! ng system. 


Particulate laden flows were extracted through the probe. The sample 
was divided and passed through two heat exchangers, as shown In Fig. 12. 
before entering transfer I Ines to pass out of the test cel I . Heat 
exchangers were required to reduce the sample temperature below 400K in 
order to ensure that the teflon coating over the transfer I Ine Interior 
did not melt. Separate transfer I Ines and sam P ! Ing systems for the smoke 
end soot measurements were determined to be necessary during shakedown 
tests. The flowrates and sampl ing times to acquire mass samples were much 
greeter than the flowrates prescribed by SAE ARP 1179 for measuring smoke 
number. The amount of soot collected In a typical smoke sample was 


calculated to be less than one percent of a typical soot mass sample. 

During tests where both measurements were made with the same Transfer line, 
soot, which tended to adhere to the transfer line walls, would randomly 
break loose. This effect, which was a negligible perturbation on mass 
samples obtained over extended sampling periods at high flowrates, had a 
significant Influence on smoke number measuremenvs. Consequently, to 
overcome the erratic smoxe number results that were being acquired, a 
separate transfer line and filter system was dedicated to smoke number 
sampl I rg. Repeatable smoke number measurements were gathered with the 
dedicated system. 

During shakedown tests, soot samples were acquired using four 
different filters — two paper filters and two Fluoropore teflon filters. 
One of the paper filters was Watman No. 4, ths membrane specified for SAE 
smoke number determination. T h i s material had Insufficient filtration 
efficiency as Indicated by significant soot stains that were collected on 
the second of two stacked filters. The other paper filter. Mill (pore HA, 
had sufficient efficiency but suffered form the problem of all paper 
filters — It absorbed water form tne atmosphere. Subsequent weighings of 
new filters Indicated an Increasing tare because of this tendency. Rather 
than drying the paper filters before and after samp! Ing to overcome the 
water absorption problem, teflon membrane filters, which are hydrophobic, 
were investigated. These filters, with a nominal pore size of 0.5 rr, have 
demonstrated a filtration efflclenc of greater than 99 percent for 
particles down to 0.03 /j.m .’Ref. 8). This performance arises from the 
fibrous structure of the filter which Is apparently formed from 0.2 ^tm 
fibers. Both M 1 1 I i por e Type FA and FH filters were Investigated. The 
former, which had a polyethylene backing, was unacceptable because the 
backing melted In the heated filter holder. The Type FH collected samples 
efficiently and was used successfully throughout the prograr,. 

Though the concern of water absorption by the filters was el Imlnated 
by using teflon filters, the potential for water absorption by the 
collected soc+ also needed to be addressed. To determine whether water 
absorption by the soot was a problem, several of the acquired samples were 
weighed immediately before and after drying the samples In an oven. The 
weights agreed to within 10“ 2 mg Indicating that water absorption by the 
soot was Insignificant. 


SECT SON IV - TEST CONDITIONS, PROCEDURES, 
DATA ACQUISITION AND REDUCTION 





Soot loading in the burner was documented In terms of three varlabl 

pr ° f * r+ " 5s - ratio, and cantor pressure. Soot 

six different castor lengths. Tnis section 

cond VT COt8 " S the t “ + co " <,ltlons procedures for setting up an, 
conducting tests as .ell as for acquiring data. 


Test Conditions and Procedur 


es 


f,f,ases C0 ' nbust ° r tests .ere performed: fuel-effects tests and 

irrrr ,es,s ' 71,6 ,„,,uence 

' , " 1 Properties on soot loading. A single alrflc condition, 

s mulat.ng Mgn-pcer operation of a gas turbine engine, .as used for the 
e ec s ests. The approach alrflo. pressure, temperature and 
o.rate for this condition, designated Test Condition I in Table 6. .ere 
Identical to those used previously <Ref. These parsers .ere 
independent of combustor length. Bypass tic, set by the open ere. In the 
mount I ng ring, .as adjusted to achieve a relatively constant Ilner pressure 
prop for all burner lengths. Soot loading .as documented for four test 
uels. Jet A. ERBS, ERBLS-2, and XTB. Each fuel .as tested at three 
f lowr.tes that produced full-length combustor Idea, exhaust temperatures of 
pprox mately ,240*. I340K. and ,47*. These three temperatures .ere the 
Ideal temperature levels associated ,1th combusting jet A at fuel-air 
ratios of 0.0,5. 0.0, a, and 0.022, respectively. The f, crates for the 
oer three fuels required to achieve the same exit temperatures .ere 
s ghtly different. Required fl crates for each fuel .ere determined from 
thermochem leal calculations using chemical properties Identified by the 
fuel analysis. A listing of these fu.l-.lr ratios Is conta.ned In Table 6 


Tests were performed 
document the Influence of 
Inlet temperature of 700K 


ot a reduced combustor pressuring of 0.8 MPa to 
combustor pressure on soot loading. The same 
was used with the mass flow decreased In 


20 


proportion to the pressure reduction I e the u 

was held constant This " u,nl>s ' r the 'PProoch 

TaPle 0. The combust.; J ^ ^ '* ~ ™ Condition 2 

length, with excess air h' *“ a9<l ' n ,n3epenaent of burner 

«ch o, the C """ - <- 

fuels. Jet A and ERBIS 2 '"^'Sated at reduced pressure. T.o 

injected at ^71 each 

exit temperatures noted abovl ° aCh ' 6Ve "" """ , ‘ COmbustor >^al 

Shakedown tests were conducted to Initial lv ,wi, + 

operation and Instrumentation systems. Also d , combustor 

times (nominally 10 min ) and fi + ur n 9 +hese tests, sampling 

Y w mm.) and flowrates (nominally 0 08? J/ mIn i 

estab, shed to gather a satisfactory sample for the 

measurements. A minimum o, , mg of sample . " ft 

weight could accurately 9 S ° tha+ the sam P ,e 

of the teflon filters As ^ narInal 50 "9 *«re weights 

these sampl | ng t| mes ’which' 00 W ‘ th shor+e " e < burners, 

.ere reduld to r^; ^ ™ -ration . 

Startup procedures were standard for each te*+ * ^ 

acquisition system was set up with nr * Y ' ^ d * +a 

references checked, flowmeter and ana ^ 

«"pl If lers cal Ifcrated. If optical data ^ S ' 9r,a ' 

aligned and all mirror, window and flit ° ^ aCqU,r ® d ' +he ,aser " a s 
Appropriate JBTS s n \ Surfaces * ere c,eane ^ 

zr::xzz: t;;r ::r se ,,c * s ~ 

fuel delivery l,ne. A.rflo. free, th.'z 7 MPa farm h ° Pt ' Ca ' ”* 

and heated hy both .nd, rect-f Ired and electric., '^7^ 
temperature incre*cc/f +m, . ers ' After air 

closed to raise the nr*cc + ' back Pre«ure value was 

then terminated and Jet a fuel ° 8Ppr ^ ,,na+e,y 1 MPa * The ^el purge was 

- -s. „s sicy iit^/rrr,; r r9e under3rouM - 

conditions, the fuel Ignited spontaneously at a nlrlma/f! ^ ’ A+ 

SUdd6n »" burner Pressure. The fuel flcwrate was^ aVO ' d ' n9 “ 

f,owrate) * ere adeja ^ n "° 

— obs:;..: ;r :::: zizrrr aM th * e ^ st - 

establ Ished. ^dy-state conditions had been 
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^marce »♦ «ch burner length .ere Initially Investigated with Jet 
■ • •tailed data. Including pressures, temperatures, sect samples, smoke 

samples, and gas emission analysis for selected burner lengths, .ere 
acquired at Test Condition I for a.1 I three fuel-alr ratios. The data .ere 
acquired to document the burner performance as .ell as to establish a small 
data base for referencing the combustor operation. 

Jet v?T‘7 t 7' th t ” e ,eSt ,Ue ' S ” ere ' n,t,ated »<«■ 

a a /a 0.016. Comparison of these data with the Initial data 

set aided In verlfy.ng that the burner performance remained constant. The 

tue, supply .as then ..Itched to operation on a test fuel. s.ltcho,er .es 

accomplished by the simultaneous activation of solenoid values .hlch 

provided for an uninterrupted flo» of fuel sc *hat the burner never 

extinguished. The test fuel .as fed from fo drums, each containing 

approximately ,90 liters o, fuel, to provide enough fuel to achieve the 

relative long test time required to acquire scot samples. Upon completion 

of measurements with the test fuel, the fue, supply .as s.,tched hack to 

Jet A-u in a similar manner. Data .ere again gathered at f/a = 0.018 

before terminating tne test to ensure that combustor performance had not 

changed. Testing .as conducted In this manner ,1th the four test fuels at 

the nigh pressure condition for each burner length to establish the effect 

of fuel chemical properties on soot loading. Upon completion of 

fuel-effects testing with a given burner configuration, either similar 

fasts .ere conducted at reduced pressure, or tne burner .as shortened and 

similar tests performed «lth the shortened burner. For the 

reduced-pressure tests, the fuel nettle .as replaced with the appropriate 

zzle _e. .n>d for the 0.8 MPa pressure condition during spray evaluation 

ests. Each of the reduced-pressure tests was again Initiated with Jet A-U 

to ensure cons, start burner performance before gathering d.ta ,1th Jet A 
and ERBS test fuels. 


Data .ere not gathered at the 0.3 MPa pressure. Durl.-q tests at 0.8 
' ,he soot loi " )ln 9 " ss I'* 1 ’* l°* «' certain conditions so that 
determination of fuel effects .as difficult, since scot concentration at , 
lo.er combustor pressure .ould have beer furtrer reduced, the benefits of 
testing at C.8 MPa were minimal. 
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For a given fuel, fuel-air ratio, end combustor pressure, data were 
acquired tn the following manner. With airflow and fuel flow parameters 
properly set, the probe flow was del i /ered a through the soot sampl Ing 
system (but bypassing the filter) at a rate equivalent to the sampl Ing 
rate. The coolant flow through the heat exchanger was also adjusted as 
necessary to maintain sample flow temperature below 400K at the transfer 
line entrance. The sample temperature at the probe exit was observed, and 
quench flow added with the shorter burners If this temperature was 
significantly higher than that measured with the full-length burner. With 
the sample flow properly conditioned, a minimum of three mass samples were 
acquired on preweighed teflon filters. Since the sampl ing times to acquire 
the mass loading were were relatively long, three smoke samples and three 
data scans were normal ly acquired during each of the mass sampl Ing periods. 
Mass samples were weighed and smoke numbers were calculated from, the smoke 
samples Immediately after acquisition. These data were checked for 
consistency, with more samples gathered If any sample weights differed more 
than approximately 20 percent of the mean. For test conditions where 
optical data were acquired, the laser beam was passed through the combustor 
exhaust to permit scattering and transmissivity data to be acquired with 
the data system for most of the date scans. Several data scans, however, 

were acquired with the laser beam blocked In order to acquire radiation 
data. 

After completion of a test sequence, the burner was shut down In the 
fol lowing manner. Purge gas was reestabl Ished through the sampl Ing probes 
to avoid Ingestion of unburned fuel. Fuel flow was Terminated and the fuel 
lines Immediately purged. All systems were secured If tests planned for 
the day were completed. Otherwise, the test fuel was changed and the Jet 
A-U/ test fuel sequence described above was executed again. 

Data Acquisition and Reduction 


T he complete set of test data was recorded by means of an automatic 
data acquisition system which stored the Information on magnetic tape few- 
subsequent computer processing. The data system accepted date on up to 
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25 channels, 10 provided with signal conditioners, and the remainder 
compatible with preconditioned Input signals. The system was capable of 
controlling and accepting date from submultiplexers such as pressure and 
thermocouple scanning switches. The data channels were scanned 
sequentially at a rate of 12 channels per second and whenever a 
submultiplexer was connected to a channel, all ports were sampled before 
proceeding to the next channel. An analog-t^dlgftal converter digitized 
the data and an Incremental magnetic tape recorder stored It for subsequent 
computer processing. The format of the tape was structured for 
compatibility with the UTRC UNIVAC 1110 digital computer. 


The data system nagnetlc tape was reduced by use of an existing 
computer program. Th.s code appl les the appropriate cal Ibratlon factors to 
each signal to provide engineering units for pressures and temperatures for 
calculation of parameters of Interest. Among those selected for this 
program were: airflow rate, fuel massflow rate, combustor reference 

velocity, fuel-air ratio from metered flows, particulate size and number 
density (using look-up tables generated by a code for Mie-scattered light), 
and ideal combustion temperatures for the overall combustor. Averages of ’ 
pressures and temperatures which characterized the iniet airflow or 
combustor exhaust were also calculated. The output from this data 
reduction code was a Summary Table which displayed all measured and 
calculated parameters for every data point. This Table was reviewed for 
spurious measurements (e.g., open thermocouples) with hand-recorded data 
Input If available. Also, Items not acquired by the data system (e.g., SAE 
smoke number) were entered Into the Summary Table. 
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SECTION V - RESULTS 


Particulate Concentration and Smoke Number 

Metered samp’es from a probe positioned 7 cm downstream of the 
combustor exit centerline were filtered to determine soot mass loadings. 
The data are presented as particle ccncentrations (PC) at standard 
conditions, mg of soot per standard cubic meter of samp!®. Figures 18-21 
ow the concentrations as a function of normal Ized combustor length for 
the four fuels that were burned. Each data point represents an average of 
3 to 5 samples. Data are shown for the full-length combustor ( l/L = 1 . 0 ) 

and five length reductions corresponding to the sequential removal of five 
louvers. 


The scot loading generally Increased with the removal of each of the 
first three louvers. Concentrations measured with three louvers removed 
(l/L - 0.554) are an order of magnitude larger than those gatherej with the 
ul I- length combustor. This trend Indicates that significant scot 
oxidation occurred In the secondary zone. Soot masses gathered with the 
five- louver combustor operating at the high fuel/alr ratio with all four 
fuels (and at all three fuel/alr ratios with Jet A) are not appreciably 
different from the full-length results. Evidently little soot oxidation 
occurred near the combustor exit for these conditions. 

Concentrations measured with the two shortest burners do not follow 
the trend of Increasing soot loading Inside the combustor. *|+ h the 
exception or data gathered with the one- louver combustor (l/L =0.27) at the 
highest fuel-air ratio, concentrations are comparable with levels measured 
with three louvers on the burner. However, these levels are no- considered 
to be representative of the overall soot concentration In the combustor 
front end. This combustor util Izes a diffusion flame In the primary zone 
located upstream of air jets admitted In the first louver. Soot production 
In such a diffusion flame apparently Involves fuel pyrolysis followed very 
quickly by nucleetlon and growth near the flame front (Ref. 9). Soot 
levels should peak In t he vicinity of the production sites In the primary 
zone end then decrease due to oxidation in the combustor secondary zone. 

This trend was Indicated by case-mounted radiometer measurements in the 
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previous program (Ref. 1). Since all measurements In this experiment were 
obtained downstream of the primary zone, soot concentrations were expected 
to Increase as the combustor was shortened for all configurations tested. 

The low concentrations measured with short burners can be explained by 
recognizing that the flow field In the front end of a practical combustor 
tends to be nonuniform. Calculations using the nominal liner pressure drop 
of 17 KPa Indicate that the combustion air Jets penetrating through the 
louvers will reach the combustor center I Ine. The center! ine region would 
be diluted by the jets and exhibit lower soot concentrations. In addition, 
the diffusion flame, which follows the fuel spray, tends to be specially 
nonuniform within a transverse plane and could reinforce the 
nonuniformities created by the dilution Jets near the combustor centerline. 
The sampl ing probe was located near the burner exit plane on the center! Ine 
and It appears that the flow field was not fully mixed at this point. 
One-point measurements at the centerline, then, probably were not 
representative of the average flow condition In the combustor front end. 

In order tc gain more Insight concerning the flow field In the 
combustor front end, gas samples were obtained In conjunction with soot 
samples for the two short burners. With the combustor burning Jet A fuel, 
a portion of the sample from the the probe was removed upstream of the soot 
filter location and analyzed to determine carbon monoxide, carbon dioxide, 
oxygen, and total nitric oxide concentrations. The carbon dioxide and 
oxygen data were used to separately calculate the local centerline fuel-air 
ratio ( f/a, . As shown In Fig. 22, the two emission measurements Indicate 
nearly the same f/a. These fuel-air ratios, however, are considerably 
lower than the flagged symbols, which represent the expected average f/a at 
those axial positions based on the flow splits Identified In combustor 
alrflcw calibrations (Ref. I). This t/a comparison Indicates that the 
centerline region was diluted and contained bel ow-average particle 
concentrations. Center! Ine soot measurements with the two shortest burner 
lengths, then, cannot be viewed as being representative of soot levels In 
those measurement planes. 

Optical diagnostics also indicate that soot mass ioadlngs were highest 
in the combustor primary-zone region. Transmission measurements of the 
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laser source light both with and without combustion were used to determine 
the combusting stream spectral emlsslvlty (O at the light source 
wavelength (t) according +o: 


514' 


R — K’ 

t, w/o comb x, w comb 


t, w/o comb 


where R T = measured radiance either without (w/o) or with (w) combustor 
operation. The emlsslvlties for Jet A and XTB fuels, displayed In Fig. 23, 
increase with decreasing combustor length. This path- length measurement, 
then. Indicates that soot loading was highest in the burner primary zone 
(l/L < 0.3) and then decreased via oxidation through the remaining burnen 
length. 


Radiation measurements were also made with a narrow-angle detector 
sensitive only to visible and near IR radiation. The detector, then, 
sensed only radiation generated along a combustor diameter by luminous soot 
particles. The measured detector output Is shown In Fig. 24 for operation 
with Jet A and XTB fuels. Radiation levels, though quite low with the 
longer combustor lengths, increase slightly with the two-louver 
configuration and Increase significantly with one louver on the burner. 
Though higher temperatures at the one- louver combustor exit contributed to 
the increased radiation, temperature effects cannot account for all of the 
Increase. For example, the average exit temperature for the one- louver 
configuration would have to be 2.8 times that of the two- louver burner to 
account for the Increased detector output at the lowest f/a. Using the 
calibrated air splits, tne calculated average temperature Increase Is only 
a factor of 1.25. The radiation measurements, then, also Indicate higher 
soot loading In the vicinity of the primary zone. 

The optical diagnostics also show that soot production Increased with 
Increasing f/a. For example, the radiation levels (Fig. 24) Increase with 
higher f/a ratios for the one- louver combustor. Since the primary-zone 
equivalence ratios are greater than unity for all three f/a ratios, the 
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temperatures in the diffusion flame structure are nearly the same for the 
three cases. Soot located near the primary zone radiates at nearly the 
same temperature and, theretore, the Increased radiation can be attributed 
to higher soot production. Radiation detected by radiometers mounted in 
the combustor dome during the previous program (Ref. 1) also increased with 
increasing f/a, Indicative of higher soot loading at higher f/a. This 
trend Is expected because higher f/a was achieved by Increasing fuel flow 
while maintaining constant airflow. Higher fuel concentration In the 
primary zone led to increased soot production. 

The effect of temperature on soot oxidation can be seen In Figs. 

18-21. Particulate concentrations for the thre^ louver burner are 
comparable for the three f/a ratios. With the longer burners, however, the 
concentrations decrease with increasing f/a. This trend Is directly 
attributable to higher combustor exit temperatures, associated with higher 
f/a, promoting soot oxidation. Thus, even though more soot was produced In 
the primary zone at the higher f/a ratios, higher temperatures In the 

secondary zone enhanced particle burnout to overcome the Increased 
production. 


Particulate concentral ion distributions obtained with the four test 
fuels burned at f/a = 0.018, shown In Fig. 25, Indicate the effect of fuel 
chemical properties on soot formation and oxidation. Since soot 
measurements with the one- louver combustor are not believed to be 
representative of the loading in the dome region, soo+ production rates for 
the four fuels cannot be deduced from those data. Although soot oxidation 
occurred upstream of the three-!ouver burner measurement location, data 
from, the longer burners Indicate that oxidation rates for the four fuels 
are similar. A ranking of the fuels relative to soot production can be 
made, then, using the data gathered with the three- louver combustor. A 
general ranking in increasing order of soot production Is Jet A, ERBS, 
ERBLS-2, and XTE. This ranking Is consistent with the correlation developed 
In the previous program (Ref. 1) where radiation levels In the dome region 
were found to be Inversely proportional with fuel smoke point. 

Particulate concentrations associated with burning Jet A and ERBLS-2 
at a reduced combustor pressure of 0.8 MPa (Figures 18 and 20) are 
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generally lo»er. The change In particulate concentration due to the 
pressure reduction is sheen In Fig. 26. The data are expressed In teres of 
•he change In concentration normalised by the concentration measured at the 
9 er p. essure. Data for the three- louver combustor (l/L * 0.554) shew 
leer soot loadings at lower pressure for all three fuel-air ratios. 

Though soot oxidation occurred Inside this combustor upstream of the 
sampling location, these data Indicate that less soot was produced at the 
lower combustor pressure. This trend Is logical since the reactants are 
less concentrated at the soot production sit. for leer pressure. «,th 
longer burners, the effect of lower pressure Is not as strong. 
Concentrations measured at the fwo leer fuel-air ratios are reduced at 
lower pressure, with the mere significant reduction at the least f/a. At 
the highest f/a. however, either the reduction of soot.lth leer pressure 
s small cr an Increased concentration was measured at leer pressure. The 
.mpl Icat.on of these data Is that although less soot .as produced at leer 
pressure, as Indicated by the data at l/l , 0.554. the oxidation rates at 
The h.gher fuel-air ratios were also appreciably reduced resulting In 
similar concentrations at the full-length combustor exit for the two 
pressure conditions. The scatter in the high-,/, data for the longer 
burners Is associated with attempting to ascertain a pressure effect at 
rather low scot loading conditions. The uncertainty In the concentration 
measurements at these low soot loadings Is equivalent to a significant 
portion of the sample. For example. Ft for Jet A at ,/a . 0 .022, l/L 
0.834, and P, « 1.3 MPa Is 0.4/ mg/sm 3 whereas at P . 0.8 MPa PC Is 
0.73 mg/sm . The measurement uncertainty at these loadings Is 
approximately t 0.15 mg/sm 3 . Most o, the difference In loading, then, 
could be due to measurement uncertainty. 


In conjunction with gathering particulate concent, atlon date, SAE 
smoke number data were acquired as prescribed by SAE ARP 1179. Date are 
Shown for fhe four test fuels In Figures. 27 - 30. Valid smoke samples 
were not acquired with the full-length burner because o, leaks In the 
sampling system for those tests. Data from the previous program (Ref. 1) 
are shown tor that configuration. Some smoke samples were gathered while 
burning Jet A fuel with the one-louver combustor. These samples yielded 
smoke numbers close to ,00. Since this technique has ,« resolution at 
high smoke number (SN, and the other more sooting fuels would have provided 
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even darker deposits on the filter, detailed smoke samples were not 
acquired with the one- louver combustor. 

The SN date fol low trends similar to those noted with the PC data. SN 
increased as the combustor was shortened except when the first louver was 
removed. SN«s for the five and six-louver burners are nearly the same. 

SN's gathered with the two louver combustor again are not represented ve 
due to dilution of the combustion products near the centerline by the 
dilution jets and nonuniformities In the flane pattern. SN varies 
Inversely with f/a for the longer burners but is nearly constant for the 
three fuel-air ratios with the three-louver burner. The effect of fuel 
chemical properties and the effect of reduced pressure.as shown in Pigs. 31 

and 32, respectively, are also similar to the observations developed 
concerning the PC data. 

Smoke number Is a common and a relatively easily acquired measurement 
to document turbine engine exhaust smoke. A smoke number, however, does 
not reflect any of the physical properties of soot. A correlation between 
PC and SN would al Ic determination of soot mass loading from, SN data. For 
this reason, the correlation of PC and SN data from this experiment was 
quantified via a regression analysis. Fig. 33 depicts the variation of 
particulate concentration with smoke number. The dale points represent all 
test conditions: four fuels, three fuel-air ratios, and two combustor 

pressures. The relationship determined from the regression analysis, shown 
In Fig. 33, Is: 


PC = {U21 SN 1 ' 234 f r ? 
(100 - SN) 0,360 


0.91 


where R Is the correlation coefficient. This formulation correctly 
models the asymptotes of the PC/SN relationship. As SN decreases to zero, 
PC must also approach zero. Similarly, at high soot loadings, PC must 
approach Infinity as SN approaches 100. Thus, the function has an "S" 
shape In Fig. 33. The high value of the square of the correlation 
coefficient indicates that this expression is an excellent fit to the data. 
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Champagne (Ref. , C , has also looked at the relationship bet.een soot 

' " 9 ° S "° ke "“ ,nl>er “ sln S aa+e 9»«ered by C. Stamforth fro. the 

exhaust of a J79 turbojet engine. A correlation of Stamforth <s Initial 
data .as very poor. Assuming that variations In carbon partl.ulate site 
caused the poor correlation, data .ere gathered using a tecrstaged particle 
separator. The division of particle d,»eter .as estimated at 1 !,cron 
A good correlation „th smoke number .as obtained using only the small 
par cle .eights. This correlation Is sho.n as the middle curve In Fig 
33. Stamforth concluded that the large particles. ,hlch accounted for aero 
to 50 percent of the tot., carbon .eight, added I Ittle to the smoke number 
va ues. The actual particle concentrations for a given smoke number, then 
.ere assumed to be an, .here from aero to ,00 percent greater than the small 
par ice concentrations. This upper limit Is Indicated by the upper curve 

* n rig, , 


A main conclusion from Champagne's ,ork is that the correlation 
be^een SN and PC .,,, depend on particle site. He scattering data, .hich 

“ 1 be bh0,n bel0W ' ™ «”> PTtlC. diameter this experiment 

only varied from 0.2 to 0.25 micron for all test conditions. This 

relatively uniform particle slae strongly contributed to the good 
correlation c, the data from this experiment. The difference bet.een 
Stamforth's correlation and that from this .ork can probably be attributed 
to the presence of smaller particles In this experiment. 


Particulate Size and Number Density 


A characteristic site end number density of the soot exiting the 
burner on Its center! Ine .ore determined from I Ight scattering 
measurements. Number density date gathered for the test fuels Is shen Ir 

S- 34 ' 37 ' Dats c,6t " ! " eI, dur,n g pcovious program ere also sho.n 
and agree reasonably .el, „th results from this test. Differences are 
ndlcatl.e of the uncertainty associated »lth this measurement. 
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Trends described previously concerning the soot loading and smoke 
number data are evident. The lowest number density at the exit of the full 
combustor was measured at the highest f/a. This again points out the 
vigorous oxidation mechanism in the burner secondary zone. Number 
densities associated with the three-louver combustor are less affected by 
f/a and are higher than those measured with the ful I- length combustor. 
Number densities calculated for the two-louver combustor are lower than 
those obtained with the thre^louver burner due to the non uni form I ties 
described previously. Limited data taken with the one- louver combustor 
operating with Jet A fuel at f/a = 0.018 shew a drastically reduced number 
density. Evidently the high particle concentrations In this region. 
Indicated by the emlsslvllv and radiation data (Figures 23 and 24), 
scattered the laser beam resulting In significantly reduced power at the 
probe volume. The scattered signal from the probe volume, then, was also 
reduced yielding abnormally lew number density. Number density as a 
function of fuel type Is displayed In Fig. 38 for f/a * 0.018. As 
Indicated by the soot and smoke measurements, number density responded to 
fuel chemical proper I tes. Increasing for fuels with decreased smoke point. 
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Limited number density data were acquired with Jet A and ERBLS-2 fuels 
at reduced combustor pressure (Figures 34 and 361. As expected, number 
density Is lower at reduced pressure. Reductions with Jet A, however, are 
disproportionately larger than reductions observed with soot loading and 
smoke number at this pressure condition. An explanation for these iow 
number densities has not been established. 


Particle size, as determined from scattering measurements, Is shown In 
Fig. 39. Based on Ref . 11, combustor soot particles are mature 
agglomerates of large numbers of primary soot spheroids. These diameters 
are assumed to be representative of the size distribution of the 
agglomerates. It must be recognized, however, that since light scattering 
signals are greatest for large particles, these diameters are biased toward 
the larger particles of the distribution. These data show that particle 
size is invariant with respect to fuel chemical properties and combustor 
pressure. Using Jet A data as the reference, particle dtaneter Is 
approximately 0.25 /xm for the three shorter burners. The relative 
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constancy In particle size Immediately downstream of the primary zone 
Indicates that the spheroids agglomerated quickly. The average particle 
diameter evidently decreased between the third and fourth louvers and then 
remained constant. Particle diameter for the full-length burner Is 
approximately 0.21 /xm. This size, which Is nearly Identical with the 
particle size determined In the previous program. Is apparently much 
smaller than that measured by Stamforth, where a significant portion of the 
sample consisted of particulates larger than one micron. The correlation 
between soot loading and smoke number In this experiment (Fig. 33), then, 
should and does fall below Stamforth’s correlation. 

Nimber density and particle size can be used to calculate the volume 
fraction occupied by the soot particles. In order to correlate this volume 
•raction with the particulate mass concentrations previously presented, 
however, the volume fraction must be calculated for standard conditions. 
Temperature at the probe volume Is required to perform this calculation. 
This temperature was not measured during the test program because of the 
high exit temperatures that were produced as the combustor was reduced In 
length. The emission data gathered with the two-louver combustor (l/L = 
0.413 In Fig. 22) was used to calculate temperatures for that 
configuration. Temperatures at the exit of the full-length burner were 
calculated based on the measured overall fuel and air flows. Temperature 
was assumed to decrease linearly between these two points. The resultant 
correlation obtained with this temperature distribution Is shown In Fig. 

40. With the exception of the low-pressure data gathered with Jet A fuel, 
concentration and volume fraction correlate well. A reasonably good 
representation of the data (not Including the low-pressure Jet A data) was 
generated vie a regression analysis. 

The ratio of particulate concentration to particulate volume fraction 
Is particle density. The density distribution obtained from the data shown 
In Fig. 40 Is contained In Fig. 41. The data indicate that the average 
particle density only decreased si Ightly as the particles moved through the 
combustor. That fhe particle density tended not to change can also be 
deduced from the expression developed In the regression analysis <Flg. 40) 
of date from all combustor lengths. The exponent In that expression Is 
close to unity Indicating that concentration Is nearly proportional to 
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volume fraction and, hence, that density does not change significantly over 
the range of test conditions. The value of the particle density Is lower 
than that for solid carbon, which Is approximately 2 g/cm 3 . The lower 
particle density Is consistent with the concept that the particles are 
agglomerates of smaller solid spheroids. The particle density will always 
be less than 2 g/cm 3 because of the space between spheriods and will be a 
function of the type of chain- I Ike structure created during the 
agglomeration process. Samples collected by Wyatt et. al. (Ref. 12) 
downstream of a disk-stabilized flame also contained particulates with 
densities lower than that of carbon by a factor of 3 to 5. Note that the 
low-pressure Jet A results yield particle densities 5 to 7 times that 
calculated for the high-pressure tests. Since the particle dimeter for 
the two pressure conditions Is nearly the same, these data Imply that these 
agglomerates were more tightly packed at low pressure. There are 
apparently no physical arguments that can be used to explain this tendency. 

The number of small spheroids In the aggl omeratc-s of this experiment 
can be estimated. Boncryk and Sangtovenn! (Ref. 11) determined from 
photomicrographs of typical soot samples that the average spheroid diameter 
is approximately 200 A. These small particles can be assumed to be solid 
carbon with a density of 2 g/cm 3 . For an average agglomerate density of 
0.4 g/cm" and diameter of 0.2 fim, the average number of spheroids per 
agglomerate Is 200. 
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SECTION VI - CONCLUSIONS AND RECOMMENDAT IONS 


Based upon data acquired 
conclusions have been made: 


In the combustion test program,, the following 


1. The soot oxidation mechanism In a gas turbine combustor 
secondary zone Is very vigorous and strongly dependent on the combustion 
product temperature. Oxidation rates do not depend strongly on fuel type. 


( 
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2. Soot particulate size distribution decreases from a 
characteristic diameter of 0.25 m to 0.2C m as the soot particulates 
ox I dlze. 


Soct mass loading and SAE smoke number correlate well for gas 
turbine combustors that produce small partlcul ates. 


4* Soot particulate density Is approximately 20 percent that of pure 
carbon. This lower density Is consistent with the concept that the 
particulates are chalr>-like structures composed of small particles of pure 
carbon. 

5. Combustor pressure affects soot production, with more soot 
produced at higher pressure. Combustor pressure may also affect soot 
oxidation rates. 

6. Fuels with a higher smoke point produce ( ess soot in a gas 
turbine combustor. 


* 


7. Soot loading near the primary 2 one of a gas turbine combustor Is 
three-d imensional due to the combustion jets passing through the louvers. 

It Is recommended that the following Investigations be conducted to 
address the following technology needs as Indicated In this progran: 
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1. A phenomenol oglcal model of soot production and consumption In a 
gas turbine combustor needs be developed and evaluated. As chemical and 
fluid mechanical processes together control soot production, both 
influences must be Included. Data are required to evaluate the model. 

2. Development of fundamental mechanisms and models of soot 
production from aviation type fuels. 

3. Quantitative evaluation of pressure Influence on soot 
product! on. 


4. Data to identify fuel chemical property influences associated 
with the use of air-blast fuel injectors In gas turbine combustors. 
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table 1 - FUEL analysis ►t'moos 


groper ty 

Hydrogen (wt pet) 

Flash point, tag closed (K) 
Distillation (vol pet at I HO) 
Freeze point (K) L J 

Smoke point (mm) 

Specific gravity (at 289K) 
Viscosity at 293 (cst) 

Viscosity at 253K (cst) 

Net heat of combustion (Mj/ kg ) 
Mercaptan sulfur (wt pet) 9 
Total sul fur (wt p c t) 

Nitrogen (wt pc t) 

Saturates (vol pct) 

Olef Ins (vol pet) 

Aromatic (vol pct) 

Naphthalenes (vol pct) 

wLTf r T +rV ,0r h var°c«rbon 
Surface tension (dyne/cm) 


Types (wt 


Method 

ASTM D 3178 
D 56 
D 86 
D 2386 
D 1322 
D 1298 
0 445 
D 445 
D 240 
D 3227 
D 2622 

Antek Chem 1 1 um I 
D 1319 
D 1319 
D 1319 
D 1840 
D 2425 
Tens I ometer 


nescence 
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(ABLE 2 - Fuel Analyses 


1st A 


Specific Gravity at 289K 
Flash Point (K) 

Freeze Point (K) 

Smoke Point ( mm ) 

Net Ht of Combustion (MJ/kg) 
Viscosity at 253K (cst) 
Viscosity at 293K (cst) 
Surface Tension (dynes/cm) 

C (wt pet) 

H (wt pet) 

Mercaptan Sulfur (10“ 4 wt pet) 
Total Sulfur (wt pet) 

Nitrogen ( g/m, ) 

Saturates (vol'pet) 

Olefins ( vo I pet) HC-FIA 

Aromatics (vol pet) 
Naphthalenes (wt pet) - UV 
Aromatics (vol pet) HC-Mass 

Naphthalenes (wt pet) 


0.8165 

319 

226.5 

20.3 
42.88 

5.39 

2.02 

26.3 

86.04 
13.70 
<5 

0.06 

7 

78.1 
1 .7 

20.2 

2.44 

Spec 22.0 

1.68 


fRBLS-? XTB 


£R as 


0.8388 

326 

243 


12 

.7 

42 

.48 

5 

.69 

2 

.07 

27 

.1 

87 

.02 

12, 

.84 

<5 


0. 

.12 


81 

67. 

.2 

1, 

,4 

31. 

,4 

16. 

34 

29. 

9 

11. 

71 


0.8612 
316 
247 
10.3 
41 .86 
5.00 
1 .89 

27.6 
87.85 
1 1 .76 
<5 

0.11 

75 

47.7 
1 .3 

51 .0 
17.41 
47.5 
22.97 


0.8751 

315 

<206 

7.4 

40.78 

1.85 

0.95 

28.50 

90.30 

10.24 

<5 

< 0.01 

<5 

0 

0 

100 

0.43 

100 

0.01 


Hydrocarbon Type by Mass Spectrometry (wt pet) 


Total Saturates 
Paraf f Ins 

Moncyclo Paraffins 
Dlcyclo Paraf f Ins 
Tr Icyclo Faraf f Ins 


65.8 47.3 0.0 
42 *6 31.1 0.0 
15.3 10.5 0.0 
7-1 5.3 0.0 
0-8 0.3 0.0 


Total Aromatics 
Aky I Benzene 
Indanes 
I ndenes 

CIO Napthalene 
Cl It Napthal enes 
Acenanapthenes 
Acenanapthal enes 
Tr Icy I Ic Aromatic 


24.6 

34.2 

18.0 

16.9 

4.9 

4.7 

0.0 

0.2 

1.7 

0.4 

0.0 

9.2 

0.0 

1.3 

0.0 

0.8 

0.0 

0.6 


52.7 

100.0 

20.1 

100.0 

7.5 

0.0 

0.9 

0.0 

0.5 

0.0 

17.5 

0.0 

3.2 

0.0 

1 .8 

0.0 

1 .3 

0.0 
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TABLE 2 - Fuel Analyses 
(conti nued) 

D I si- i i latlon (K) 


Vo I 
Off 


ERR?; 


■EHBLS-2 


I9F 

438 

5 

452 

10 

459 

15 

463 

20 

466 

30 

473 

40 

479 

50 

486 

60 

492 

70 

500 

80 

509 

90 

521 

95 

531 


446 

424 

457 

437 

462 

442 

465 

449 

467 

452 

473 

462 

479 

47* 

486 

486 

493 

499 

502 

514 

514 

530 

537 

556 

563 

580 


m. 


430 

432 

433 

434 

434 

435 

435 

436 

437 
439 
439 
442 
445 
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TABLE 3 - Nozzle Characterization 


Ncz z I e 
hsu 


SKD ( / un)/ln» -l nrted Cone Annie (dfefll 
Fuel Flowrate (kg/hr) 



27 

30 

37 

8 

48/82 

40/80 

28/77 

9 

60/80 

52/77 

35/78 

10 

66/80 

60/78 

44/78 


73 


82 


100 


118 


133 


162 


18 

20 

22 


42/82 

30/80 

6/77 

53/80 

42/80 

16/79 

67/75 

53/76 

31/74 
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57/81 42/82 9/77 

71/78 56/76 23/74 


I 



% V 




w 



I 


TABLE 4 - Combustor Open Area Distribution 


Area DIstr 1 but! on 

.S ect io n Number D 1 arneter (mm) Ar^a_. icmfi 


Dome 

Cool Ing 

60 

1 .78 



(4 rings) 

60 

1 .47 




60 

1 .47 




60 

1 .09 

4.09 

Louver 1 

Cool Ing 

96 

1 .98 

2.96 


Combust I on 

6 

12.7 

7.13 

Louver 2 

Cool I ng 

96 

1 .98 

2.96 


Combust i on 

6 

12.7 

7.13 

Louver 3 

Coo! Ing 

96 

1 .98 

2.96 


Combust i on 

6 

12.7 

7.13 

Louver 4 

Cool I ng 

96 

1 .98 

2.96 

Louver 5 

Cool i ng 

48 

1.98 

1 .48 


Combust i on 

6 

12.7 

7.13 

Louver 6 

Cool Ing 

48 

1 .98 

1 .48 




□ 



TABLE 5 - Liner Effective Area Distribution 


Percent of Total 


Sect 1 on 


Effective Area (crrr)__ 

(with Swlrler) 

Sw I r 1 er 


3.0 

8.2 

Dome 

Cool Ing 

3.0 

16.3 

Louver 1 

Cool Ing 

2.5 

23.1 


Combustion 

4.6 

35.6 

Louver 2 

Cool Ing 

2.5 

42.4 


4.6 

54.9 

Louver 3 

Cool I ng 

2.4 

61 .4 


Combust I on 

4.5 

73.7 

Louver 4 

Cool Ing 

2.6 

80.7 

Louver 5 

Cool Ing 

1 .2 

84.0 


Combustion 

4 ,6 

96.5 

Louver 6 

Cool Ing 

1 .3 

100.0 

Total Liner 

with Sw 1 r 1 er 

36. e 

100.0 
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TABU 6 


Condition 


1 . High Power 

2. Reduced Pressure 


Exit 

Temperature 

1K1 

1 240 
1340 
1470 


AlrFlow and FuelFlow Conditions 


Airflow Conditions 


Mass Flow 


Approach Pressure 
LtfRaJ 


Approach Temp. 
(Kl_ 


1.82 1.3 

1.45 0.8 


700 

700 


Fue I -A i r Rat i os 


Fue I 


Jflt A 

£R&S 

ERBLS-2 

XTB 

0.0150 

.0153 

.0153 

.0156 

0.0180 

.0182 

.0184 

.0188 

0.0220 

.0223 

.0224 

.0230 


total AROMATIC BY MASS SPECTROMFTRY. ASTM ?„ ?5 (VOL PC) 


r 85 - 956760 - 2 ’ 



total AROMATICS BY FIA. ASTM '319 (VOL Pen 


R«. 1 Comparison o. Tol.l Aroma.ic Conl.nl lor Two Analysis Technics 


• 5 - 9 - 87-1 





NAPHALENE BY UV SPECTROPHOTOMETRY 
ASTM 1840 (wt Pet) 


Fig. 2 Comparison ot Naphthalene Content for Two Analysis Techniques 


•5-9-S7-2 
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Fig. 9 Aviation-Fuel Property Effects Test Facility 
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Figure 11 Combustor configuration for soot sampling 
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Fig. 22. Local centerline fuel-air ratio based on gas emission measurement 
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Fig. 33 Relationship between particulate concentration and SAE smoke number 
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